Tech  Memo 
Aero/Prop  22 


UNLIMITED 


Tech  Memo  v 
Aero/Prop  22 


Technical  Memorandum 
Reproduced  From  December  1 S92 

Best  Available  Copy 


V 


/ 


i 

I 

i 


) 

\ 

i 

f 

I 


i 


3D  Pneumatic  and  2D  Dynamic  Probes: 
Their  Development  and  Subsequent  Use  In  a 

Transonic  Fan 


by 


M.  A.  Cherrett 
J.  D.  Bryce 
H.  P.  Hodson 

,  i 


014^73 


CONDITIONS  OF  RELEASE 


315905 


DRICU 


CROWN  COPYRIGHT  (c) 
1992 

CONTROLLER 
HMSO  LONDON 


DRICY 


Reports  quoted  are  not  necessarily  available  to  members  of  the  public  p/  to  commercial 
oroanisations. 


UNLIMITED 


DEFENCE  RESEARCH  AGENCY 

Farnborough 

Technical  Memorandum  Aerodynainics  and  Propulsion  22 
Received  for  printing  22  December  1992 


3D  PNEUMATIC  AND  2D  DYNAMIC  PROBES: 
THEIR  DEVELOPMENT  AND  SUBSEQUENT  USE  IN  A 
TRANSONIC  FAN 

by 

M.  A.  Cherrett 
J.  D.  Bryce 
H.  P.  Hodson* 


SUMMJ^RY 

Three  different  3D  pneumatic  probes  have  been  built  and  calibrated  in  detail,  along 
with  two  dynamic  yawmeters  and  a  geometrically  identical  pneumatic  yawmeter.  This  paper 
discusses  the  aerodynamic  performance  of  the  probes  and  compares  detailed  steady-state 
flowfield  measurements  taken  with  the  probes  at  stator  exit  in  a  transonic  fan. 

CHS  transonic  fan  research  is  supported  by  the  MOD  Strategic  Research 
Programme  (contract  ASOl  1 A03)  and  the  Aerospace  Division  of  DTI. 

This  Memorandum  is  a  fascimile  copy  of  paper  prepared  for  the  II  th  Symposium  on 
Measurement  Techniques  for  Transonic  and  Supersonic  Flows  in  Cascades  and 
Turbomachines  held  in  Munich,  Germany,  14'i5  September  1992. 

©  Crown  Copyright  f 1992 ) 

Defence  Research  Agency 
Farnborough  Hampshire  GUN  6TD  UK 


*  Whittle  Laboratory,  Cambridge  University  Department  of  Engineering. 


2 


LIST  OF  CONTENTS 


Page 

1  INTRODUCTION  3 

2  PROBES  3 

2.1  Pneumatic  Probes  3 

2.2  Dynamic  Yawmeter  3 

3  PROBE  AERODYNAMIC  CALIBRATIONS  4 

3.1  Calibraticn  Facility  4 

3.2  3D  Prooe  Calibrations  4 

3.3  Dynamic  Yawmeter  Calibration  5 

4  TRANSONIC  FAN  MEASUREMENTS  6 

5  DISCL  TON  7 

6  CONCLUSIONS  7 

Acknowledgements  8 

References  g 

Dlustrations  Figures  1-12 

Report  documentation  page  inside  back  cover 


3 


il)  Pneumatic  &  2D  Dynamic  Probes: 
Their  Development  &  Subsequent  Use  In  A 
Transonic  Fan. 


by 

M  A  Cherretl  &  J  D  Bryce, 

Aerodynamics  &  Propulsion  Department, 

Aircraft  Sector, 

Defence  Research  Agency, 

Pyestock, 

Fam  borough, 

Hants. 

GUM  OLS 
UK. 


H  P  Hod.son. 

Whittle  Laboratory, 

Cambndge  University  Department  of  Engineering, 
Madingley  Road, 

Cambndge, 

CB3  ODY 
UK. 


SUMMARY 

Three  different  3D  pneumatic  probes  have  been  built  and 
calibrated  in  detail,  along  with  two  dynamic  yawmelers  and  a 
geometncally  identical  pneumatic  yawmeler.  This  paper  discusses 
the  aertxlynamic  performarKC  of  the  probes  and  compares  detailed 
steady-state  flowfield  measurements  taken  with  the  probes  at  sutor 
exit  in  a  transonic  fan, 

1  INTRODUCTION 

Aerodynamics  &  Propulsion  Department  at  DRA- 
Pyestock  is  engaged  in  a  programme  to  study  the  viscous  endwall 
and  blade  wake  flows  in  high-speed  compressors  and  fans.  As  part 
of  this  programme  an  extensive  series  of  tests  has  beer,  carried  out 
to  measure,  in  detail,  the  flowfield  within  a  single  stage  transonic 
fan  known  as  CMS.  A  large  amount  of  specialised  instrumentation 
was  developed  for  this  purpose,  including;  a)  several  3D  pneuma’ic 
traverse  probes,  b)  2D  dynamic  yawmeter  traverse  probes,  c) 
insu-umented  stator  blades  containing  high-response  pressure 
transducen  and  thin-film  gauges  (which  are  not  discussed  in  this 
paper). 

The  3D  pneumatic  and  the  dynamic  yawmeter  probes 
were  calibrated  in  detail  at  the  Whittle  Laboratory  in  order  to 
determine  their  aerodynamic  characteristics.  This  paper  discusses 
these  charactenstics  and  also  compares  time-averaged  stator  exit 
flowfield  measurements  taken  with  the  different  probes  in  CMS. 

2  PROBES 

2.1  3D  Pneumatic  Probes 

Fig  1  shows  the  3  pneumatic  probe  designs  used.  Probe 
A  IS  a  4-hole  wedge  probe  design  simiiv  to  that  described  by 
Hcncka'  and  Bubcck  &  Wachtcr''.  The  triangular  cross  section  of 
the  probe  has  a  25*  included  Single  and  an  axial  chord  of  S.5mm. 
This  cross  section  is  maintai'ied  for  25mm  before  blending  into  the 
circular  ctoss  section  of  the  support  stem.  The  bottom  of  the  probe 
IS  inclined  downward  by  20*  to  the  horizontal  and  is  provided  with 
a  pressure  lapping  to  facilitate  pilch  angle  measurement. 

The  sensing  head  of  probes  B  &  C  is  a  truncated  3-sided 
pyramid  similar  to  the  probe  design  reported  by  Shepherd’.  Probe 
B  IS  a  slum  mounted  probe,  as  is  probe  A,  while  probe  C  is  a  sting 


mounted  probe  where  the  measuring  plane  is  41mm  upstream  of 
the  probe  support  stem  centre  line.  Two  versions  of  probe  C  were 
manufactured,  one  with  a  horizontal  sting  and  one  inclined 
downward  by  15°  to  match  liie  CMS  annulus  geometry  and  hence 
allow  measurements  to  be  taken  in  the  stator  hub  region.  Only  the 
inclined  probe  is  reported  in  this  paper. 

The  tensing  head  of  probe  B  was  machined  from  solid 
while  probe  C  was  constructed  by  bonding  hypodermic  tubes  to  a 
machined  core  and  grinding  the  lube  ends  to  form  the  pyrairud 
shape.  The  dimensions  of  both  pyramid  probe  heads  we>e  the 
same,  with  the  three  static  pressure  ports  positioned  on  a  pitch 
circle  diameter  of  3.0mm.  The  axes  of  the  static  tappings  were  all 
forward  facing  rather  than  perpendicular  to  the  pyramid  faces. 
Probe  B  has  a  shielded  thermocouple  mounted  above  the  pyramidal 
head  of  the  probe  for  stagnation  temperature  measurements. 

An  important  consideration  when  designing  the  3D 
pneumatic  probes  was  that  they  should  be  relevant  to  future 
dynamic  probe  development  Hence  4-hole,  rather  than  S-holc, 
designs  were  selected  in  order  to  avoid  taking  redundant  pressure 
measurements.  This  is  an  important  co-tsidcratioii  for  dynamic 
probes  where  the  data  capture  and  processing  overheads,  associated 
with  dynamic  pressure  measurements,  are  high.  Further,  while 
smaller  probes  could  have  been  built,  this  would  not  have  been 
consistent  with  probe  geometries  capable  ol  housing  feur  unsteady 
pressure  transducers  (  using  methods  such  as  those  Jcvciopcd  at 
Oxford  University*  for  on-blade  pansducer  mounting  ). 

2.2  Dynamic  Yawmeter 

F.g  2  shows  the  dynamic  yawmeter  probe  wh-ch  was 
developed  at  Rolls-Royce  pic  with  joint  UK  MoD/DTI/Rolls-Roycc 
funding.  The  Piangular  cross  section  of  the  probe  has  an  included 
angle  of  3(3*  and  an  axial  chord  of  5.6mm.  Three  semiconductor 
pressure  pansducers  are  contained  within  the  sensing  head  of  the 
probe.  The  Pansducer  for  measuring  stagnation  pressure  is  a  Kulite 
type  XCQ-062,  white  the  two  static  pressure  Pansducers  arc  Kulite 
type  LQ-047.  All  Pansducers  had  a  range  of  344kPa  absolute  and 
were  coated  with  a  0.0S-C.08mm  layer  of  silastomcr  rubber  for 
protection.  The  two  staUc  pressure  Pansducer  diaphragms  lay  flush 
with  the  probe  surface.  Two  idenucal  yawmelers  were  used  in 
CMS.  In  addition  a  pneumatic  version  of  the  dynamic  yawmeter 
design  was  also  calibrated  at  the  Whittle  Laboratory.  A  more 
detailed  account  of  the  design  and  development  of  the  dynamic 
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yawmctcrs  is  given  by  Cook’. 

Compensauon  for  semiconductor  pressure  transducer 
temperature  sensitivity  was  achieved  using  a  system  developed  at 
DRA  which  has  been  reported  by  Cherrett  t.  Bryce*.  A  schematic 
di.igram  of  the  system  is  shown  in  Fig  3.  A  thermally  suble 
'sense'  resistor  is  placed  in  senes  with  the  transducei  excitation 
circuit.  As  the  transducer  bridge  resistance  changes  with 
temperature,  the  current  drawn  by  the  transducer  strain  gauge 
bridge  changes.  This  induces  a  change  in  the  dc  voltage  across  the 
'sense'  resistor.  Hence,  if  the  transducer  is  calibrated  over  a  range 
of  pressures  at  a  series  of  constant  temperatures,  the  change  in 
vohage  across  the  'sense'  resistor  can  be  correlated  with 
transducer  diaphragm  temperature.  Therefore,  when  used  to  take 
I.— rsurements,  the  'sense'  voltage  can  be  used  to  determine  the 
transducer  diaphragm  temperature.  This  then  allows  calculation  of 
the  correct  transducer  pressure  sensitivity  and  null  pressure  offset 
to  allow  conversion  of  the  transducer  pressure  output  to  absolute 
pressure. 

The  DRA  yawmeler  transducers  were  subjected  to 
repealed  calibrations  over  a  penod  spanning  one  year,  inctudmg  the 
penod  wlien  the  yawmelers  were  used  in  the  C148  lest  programme. 
This  allowed  the  transducer  null  pressure  offset  dnft  to  be 
characterized.  This  indicated  that,  over  the  period  when  the 
yawmelers  were  used  in  €148,  transducer  absolute  pressure 
measurement  accuracy  was  0.3S%  of  full  scale  deflection.  This 
degree  of  pressure  measurement  uncertainty  corresponds  to  an 
absolute  yaw  angle  measurement  uncertainty  of  ±0.S*  at  Mach 
0.85,  and  11,5*  at  Mach  0.5.  However,  ad  hoc  comparisons  of  the 
transducer  outputs  with  barometnc  pressure,  during  the  C148  test 
scries,  allowed  the  degree  of  measurement  uncertainly  to  be 
reduced.  Further  work  is  in  progress  to  quantify  the  performarice 
attained,  and  hence  the  amount  of  yaw  angle,  stagnation  pressure 
and  static  pressure  uncertainly  associated  with  the  dynamic 
yawmeter  measurements. 


0.2*. 

The  nozzle  measures  0.08m  x  0.10m.  Hence,  for  the 
stem  mounted  probes  (  probe  A.  probe  B  and  the  dynamic 
yawmeler  )  blockage  accounted  fur  approximately  3.09!i  of  the 
nozzle  exit  area.  Stem  probe  blockage  was  estimated  from  the 
projected  frontal  area  of  the  probes.  Sting  probe  blockage  was 
thought  to  be  negligible  as  the  probe  support  stem  was  positioned 
at  a  distance  greater  than  7  probe  stem  diameters  downstream  of 
the  nozzle  exit  plane. 


3.2  3D  Probe  Calibrations 

Data  from  the  3D  probe  calibrations  were  processed  to 
yield  five  coefficients:  the  yaw  coefficient  (C,aw).  the  pilch 
coefficient  (C^),  the  probe  pressure  ratio  coefficient  (Cpg).  the 
stagnauon  pressure  coefficient  and  the  static  pressure 

coefficient  (Cj,at)-  Where: 


"yaiv 


„  (S2-S3) 


{S4-S^^,)  .  Jr 


r*  •  flwan 

•p'  "  PI 


,  _  iPl-Po) 


{Po-p) 


3  FROnE  AERODYNAMIC  CALinRATlONS 
3  1  Calibration  Facility 

All  of  the  3D  probes  and  the  dynamic  yawmelers  were 
calibrated  using  the  Transonic  Cascade  Test  Facility  at  the  Whittle 
Laboraloiy  (  Dominy  &  Hudson’  ).  This  is  a  closed  circuit  . 
variable  density  wind  tunnel  in  which  Mach  number  and  Reynolds 
number  can  be  varied  independently  at  ambient  temperatuie.  The 
lest  section  was  fitted  with  a  transonic  nozzle  similar  to  that 
developed  by  Baines'  in  whicli  (he  upper  and  lower  wails  were 
perforated  to  provide  continuous  acceleration  over  a  range  of 
subsonic  and  supersonic  exit  Mach  numben  without  changing 
nozzle  geometry.  The  stagnation  pressure  was  measured  in  the 
upstream  plenum  and  (he  static  pressure  variation  through  (he 
nozzle  was  determined  from  a  set  of  pressure  tappings  at  mid¬ 
height  along  one  of  the  side  walls.  Confirmatior  that  these  static 
pressure  measurements  were  representative  of  basse  across  the 
nozzle  was  found  by  comparing  needle  static  probe  measurements 
with  static  pressure  data  derived  from  Schlieren  photographs. 

Tunnel  and  probe  pressures  were  measured  using  a  single 
transducer  by  means  of  a  Scanivalve  arrangement.  Absolute 
pressure  measurement  was  estimated  to  be  accurate  to  tO.IkPa  and 
relative  pressure  measurement  to  t0.04kPa.  The  probes  were 
positioned  at  (.’k  centre  of  (he  nozzle  exit  plane  by  a  computer 
controlled  traverse  system.  Probe  pitch  ai.d  yaw  angles  could  be 
adjusted  in  steps  of  0.02*  with  an  absolute  accuracy  better  than 


where: 

n  _  S2*S3  p  _  Sa*Sb 

*2*3  ~  2  “meeui  ~  2 

i)  P1.S2.S3  &  S4  are  the  probe  pressure  port 
readings  as  defined  in  Fig  I. 

ii)  Sa.Sb.Sc  are  S2.S3.S4  sorted  into 
ascending  order. 

iii)  kwl  for  probe  A  and  -1  for  probes  B  &  C,  ie, 
to  allow  for  the  pitch  port  being  above  the  yaw 
port  plane  for  probe  A  and  below  (he  yaw  plane 
for  probes  B  &  C. 

iv)  Po  &  p  are  (he  calibration  tunnel  stagnation  & 
static  pressures. 

Cta*.  C^  and  Cm  form  primary  coefficients  which  are 
combined  to  form  a  3D  calibration  space  within  a  processing 
algorithm.  When  presented  with  experimental  data,  ie,  measured 
values  of  Cyaw.  Cm*  and  C^,  the  processing  algorithm  searches  the 
calibration  space  to  yield  corresponding  values  of  yaw  angle,  pilch 
angle  and  estimated  Mach  number  (  via  the  probe  pressure  ratio 
coefficient ).  Stagnation  and  static  pressures  are  then  derived  from 
C>tm>  *(><1  C,tat  tuttf  iftc  correct  value  of  Mach  number  is  then 
calculated. 
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Thf  slcm  probes  were  ealibrateJ  over  a  yaw  anple  range 
of  ±30'  and  a  p:lch  angle  range  of  -5°  to  ♦30°.  The  sting  probe 
was  calibrated  over  a  yaw  angle  range  of  ±26°  and  a  pitch  angle 
range  of  -50°  to  +20°.  All  of  the  probes  were  calibrated  at  a 
Reynolds  number  of  SSulO*.  The  charactcrisuc  length  used  to 
define  Reynolds  number  was  taken  as  the  aaial  chord  length  (of 
5  5mm)  for  probe  A,  while  the  sensing  head  diameter  (of  3.5mm) 
w  as  used  for  the  pyramid  probes.  This  was  consistent  wi'h  C148 
stator  exit  conditions  at  mid-span  for  the  pyramid  probes. 
However,  the  4-hole  wedge  probe  should  have  been  cahbtated  at 
a  Reynolds  number  of  89x  1  O’  to  be  consistent  with  C 148  stator  exit 
conditions. 

A  pyramid  probe  similar  to  probes  B  &  C  was  calibrated 
at  Reynolds  numbers  of  5.5x10“  and  55x10“.  Reynolds  number 
effects  were  found  to  be  negligible.  Reynolds  number  effects  were 
not  investigated  specifically  for  the  4-hole  wedge  probe  (A). 
However,  calibration  of  the  dynamic  and  pneumatic  yawmetcr 
probes  (see  section  3.3)  at  Reynolds  numbers  of  36x10“  and  90x10“ 
did  not  reveal  any  significant  effects.  Further,  Dominy  &  Hodson’, 
found  little  Reynolds  number  dependency  above  -lOx'O'  for  5-hole 
conical  and  pyramid  probes.  Hence  the  failuie  to  calibrate  tlie  4- 
holc  probe  at  a  high  enough  Reynolds  number,  compared  to  those 
found  at  CMS  stator  exit,  was  not  expected  to  introduce  any 
significant  errors  into  measurements  taken  with  this  probe. 

The  aerodynamic  characteristics  of  the  three  3D  probes 
are  illustrated  in  Figs  4,5  A.  6.  Fig  4  shows  the  relationship 
between  and  C^.  The  data  are  illustrated  by  lines  of 

constant  yaw  angle  and  pttch  angle.  Only  data  at  one  Mach 
number  are  shown  because  similar  behaviour  was  seen  at  other 
Mach  numbers.  It  is  evident  that  the  4-hole  wedge  probe  (A)  is  far 
less  sensitive  to  yaw  and  pitch  angle  than  the  pyramid  probes. 
Further,  C,aw  and  for  probe  A  are  strongly  dependent  on  both 
yaw  and  pitch  angle  while  the  pyramid  probes  display  this 
characteristic  to  a  far  smaller  extent. 

The  Cf,  data,  shown  in  Fig  5.  Lndicaie  the  number  of 
Mach  numbers  at  which  the  probes  were  calibrated.  Probe  C.  the 
sting  pyramid  probe,  was  calibrated  most  extensively  because  it 
was  expected  to  yield  the  best  measurements  due  to  its  low 
blockage.  Both  of  the  other  probes  could  have  benefited  horn 
more  extensive  Mach  number  calibration  to  minimise  linearisation 
errors  associated  w.ih  the  processing  algorithm.  The  data  are 
observed  to  become  more  dependent  on  yaw  and  pitch  angle  with 
increasing  Mach  number.  However,  none  of  the  Q,  planes 
penetrate  each  other,  which  would  result  in  conditions  that  would 
cause  failure  of  the  interjiolative  processing  algorithm. 

Fig  6  shows  for  each  probe,  plotted  against  pitch 
angle  where  the  individual  lines  represent  variation  with  pitch 
angle  at  a  constant  yaw  jangle.  Fig  6  indicates  a  notable  IS* 
downwash  effect  on  probe  B.  Probe  A  displays  more  complex 
behaviour,  with  vanahle  degrees  of  stem  downwash  experienced  at 
yaw  angles  greater  than  llO*.  This  is  somewhat  surpnsing  as 
maintaining  the  wedge  cross  section  for  a  oonsiderabie  disunce 
away  from  the  probe  sensing  head  was  intended  to  minimise  such 
effects.  Further  work  is  required  to  explain  more  fully  the  flow 
about  the  probe  head  and  stem  causing  this  behaviour. 

3.3  Dynamic  Yawmeler  Calibralion 

Data  from  the  yawmcier  calibration  were  processed  to 
yield  llvee  coefficients  that  are  subsequently  used  by  an  iterative 


algorithm  to  solve  for  the  required  flow  parameters  Ttie 
coefficients  consi.q  of  the  yaw  coefficient  (Cy„»t,)'  'he  stagnation 
pressure  coefficient  (Cst*gn),  and  the  static  pressure  coefficient 
(CjT*Tir)  These,  and  a  further  coefficient.  Cbm,,  which 
characterizes  the  static  transducer  pre-sure  unsteadiness,  are  plotted 
in  Fig  7  for  one  of  the  DRA  dynamic  yawmeters  Where: 

^  _  (S2-S3) 

(P^-p) 

r 


where:  i,  A  Sj  are  the  lime  average  of  the  unsteady 
static  lapping  pressure  signals. 

c  _  {S2*S3) 

2 

The  form  of  these  coefficients  differ  from  those  used  for 
the  3D  pneumatic  probes  primarily  to  satisfy  the  requirements  of 
the  iterative  processing  algorithm.  However,  the  Coatic  coefficient 
is  more  complex  than  tfie  corresponding  3D  probe  version  in  an 
attempt  to  derive  a  less  Mach  number  dependent  parameter  This 
is  illustrated  in  Fig  7.  where  apart  from  at  Mach  0.9  is 

insensitive  to  Mach  number.  Further,  Cyaw«  is  also  insensitive  to 
Mach  number,  as  is  Cnnau  'x  'he  yaw  angle  range  -10*  to  +10°. 
The  Cjtaqn  data  at  Mach  0.3  are  displaced  from  the  Citaam  data  at 
higher  Mach  numbers.  This  is  an  artefact  of  transducer 
measurement  uncertainty  and  the  small  dynamic  head  (  IS  kPa  ) 
associated  with  satisfying  the  Mach  number  and  Reynolds  number 
conditions  in  the  wind  turjiel. 

C,H,  behaviour  gives  an  insight  into  the  quasi-steady  flow 
about  the  probe.  Firstly,  it  is  evident  that  the  non-dimensionalised 
unsteadiness  associated  with  the  flow  about  the  probe  decreases 
with  Mach  number.  Further,  it  is  noted  that  at  yaw  angles  less  than 
-10*  and  greater  than  +10*  the  leeward  transducer  outputs  display 
increasing  levels  of  unsteadiness  as  the  flow  about  the  probe  begins 
to  separate.  Note  that  at  positive  yaw  angles  transducer  S3  is  the 
leeward  transducer,  while  S2  is  the  leeward  transducer  at  negative 
yaw  angles.  At  yaw  angles  less  than  -25*  and  greater  than  +25* 
the  flow  becomes  fully  separated  and  the  transducer  unsteadiness 
level>  c.  Tease  markedly.  Examination  of  Ctawh  behaviour  reveals 
that  this  behaviour  is  manifest  as  changes  in  the  coefficient  slope. 

One  of  the  two  DRA  dynamic  yawmeters,  and  a 
pneumatic  vcnion  of  the  yawmeter  design,  were  calibrated  at 
Reynolds  numbers  of  36xl(^  and  90x10“.  This  did  not  reveal  any 
significant  Reynolds  number  sensitivity.  In  ackfition,  calibrations 
were  carried  out  at  pitch  angles  of  -5*.+5*.10*  and  15*.  over  the 
±45*  yaw  angle  range,  for  the  dynamic  yawmeter  and  at  pitch 
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angles  of  •5’.0‘’.+5°.10°  ami  15°,  at  zero  yaw,  for  the  pncumatie 
yawmeter.  Data  resulting  from  calibration  of  the  dynamic 
yawmeter  at  Mach  0.9  arc  shown  in  Fig  8.  The  effect  of  pitch 
angle  on  and  behaviour  is  small  for  the  pitch  settings 

of  +3°,+10°  &  +15°.  However,  negative  pitch  does  introduce 
greater  changes  in  the  coefficient  behaviour.  Examination  of  the 
pneumatic  yawmeter  pitch  calibration,  although  not  illustrated  here, 
shows  that  characteristics  between  0°  and  15°  remain  relatively 
con  :.nt.  It  is  only  when  introducing  flow  at  negative  pitch  to  the 
probe  that  the  characteristics  change  markedly.  Further,  it  is  noted 
that  C„j^  reaches  a  maximum  value  at  approximately  +10°  of 
pitch  indicalmg  a  stem  downwash  effect  Pitch  angle  effects  have 
not  been  taken  into  account  in  the  processing  algorithm,  and  further 
work  is  required  to  quantify  their  influence. 

4  TRANSONIC  FAN  MEASURF.MENT.S 

The  C148  single  stage  fan  rig  delivers  a  design  pressure 
ratio  of  just  over  1.8  at  a  flow  of  53.3  kg/s.  It  has  an  un-snubbered 
rotor  that  operates  with  a  tip  speed  of  444  m/s  and  a  tip  relative 
Mach  number  of  1.5.  The  rig  is  shown  schematically  in  Fig  9. 
Overall  fan  pressure  and  temperature  rise  are  measured  at  a  plane 
approximately  two  axial  stator  chords  downstream  of  the  stator 
L'ailing  edge  using  six  pneumatic  Pitot  rakes  and  six  shielded  Keil 
thermocouple  rakes  equi-spaced  about  the  annulus.  Radial  and 
cucumferential  traversing  is  available  at  two  planes  downstream  of 
the  stator  trailing  edge  (  at  36%  and  118%  axial  stator  chord 
downstream  ).  Only  measuremems  taken  at  the  36%  downstream 
plane  are  discussed  in  thia  paper.  Pneumatic  static  pressure 
tappings  are  provided  in  the  hub  and  casing  endwalls  at  each 
traverse  plane.  A  more  detailed  description  of  C148  and  its 
performance  is  given  by  Bryce  et  al*. 

The  compressor  performance  characteristic  is  shown  in 
Fig  10.  This  was  measured  at  the  beginning  of  the  C148  test  series 
during  which  350  hours  of  rig  running  were  accumulated.  This 
paper  will  concentrate  on  measurements  taken  at  peak  efficiency 
operation  on  the  design  speed  characteristic.  Unfortunately,  the 
measurements  taken  with  each  of  the  probes  were  not  consecutive, 
and  large  numbers  of  rig  running  hours  were  accumulated  between 
.+ach  of  the  measurements.  (The  sting  pyramid  probe  (C) 
measurements  were  taken  after  1 12  hours  while  the  4-hole  wedge 
probe  (A),  stem  pyramid  probe  (B),  and  dynamic  yawmeter  probe 
measurements  were  taken  after  189. 249  &.  294  houn  respectively). 

During  the  C148  test  series  the  performance  was  noted  to 
change  for  the  same  rig  throttle  setting.  Further  work  is  required 
to  quantify  the  extent  to  which  this  change  was  due  to  mechanical 
wear,  the  accumulation  of  din  on  the  blading,  or  the  accumulatiori 
of  dm  on  the  rig  instrumentation  (even  though  the  rig  was  cleaned 
mid  way  through  the  test  series).  In  addition  the  chronological 
characteristics  of  the  change  have  yet  to  be  fully  investigated.  The 
fan  performance  achieved  during  each  of  the  traverse  probe 
measurements  is  shown  in  Fig  10  using  different  symbols  which 
indicate  the  degree  of  fan  performance  change  during  the  lest 
series. 

Overall  area  averaged  stagnation  pressure  ratio 
measurements,  taken  with  the  fixed  downstream  Pitot  rakes,  agreed 
to  within  U%  of  that  attained  during  the  first  traverse  (  when  the 
sting  pyramid  probe  was  used  ).  Similarly  corrected  mass  flow 
agreed  to  within  1.0%  of  the  sting  pyramid  cravene  value. 
However,  agreement  between  the  Pitot  rake  measurements  taken 
when  the  sting  pyramid  probe  was  used  and  when  the  4-hole  wedge 


probe  was  used  was  to  wnliin  0.12‘J  pressure  ratio.  The 
corresponding  mass  flow  measurements  agreed  to  Within  0  4%. 

Fig  11  illustrates  the  salient  featur.’s  of  the  stator 
flow,.cld  at  design  speed,  peak  efficiency,  operation.  Stagnation 
pressure  measuremenus  taken  with  each  of  the  four  probes  are 
shown  along  with  schematic  illustrations  of  each  probe  at  the 
correct  scale  relative  to  the  annulus  The  data  have  been 
normalized  with  respect  to  the  fan  exit  rake  stagnation  pressure 
measurements,  recorded  during  each  run.  in  an  attempt  to  suppress 
the  effects  of  fan  performance  change.  (  That  is.  the  data  have 
been  divided  by  the  area  averaged  fan  exit  stagnation  pressure  and 
multiplied  by  the  design  pressure  ratio  of  1.807.  )  The  sting 
pyramid  probe  (C)  data  consist  of  16  radial  by  38  circumferential 
measurements.  The  4-hole  wedge  probe  (A),  dynamic  yawmeter 
and  stem  pyramid  probe  (B)  data  consist  of  21x38,10x20  &  10x20 
measurements  respectively.  The  measurements  in  the 
circumferential  direction  are  equi-spaced.  The  dynamic  yawmeter 
data  have  been  derived  from  determining  the  time-averaged  value 
at  each  traverse  point  from  data  phase-locked  to  a  once  per 
revolution  signal  and  processed  over  128  consecutive  rotor 
revolutions.  The  duration  of  the  time  traces  spanned  the  passing 
of  22  of  the  25  rotor  blade  passages.  Cherrett  and  Bryce*  give  a 
fuller  description  of  this  data  capture  and  processing  procedure. 

It  is  clear  from  Fig  i  1  that  a  significant  endwall  corner 
separabon  is  found  at  the  hub.  The  associated  high  loss  (low 
pressure)  region  is  flanked  by  a  high  pressure  region  induced  by 
the  locally  reduced  passage  area  Large  velocity  gradients  and  high 
unsteadiness  levels  are  found  in  the  shear  layer  bounding  these  two 
regions  which  makes  accurate  measurements  particularly  difficult. 
The  stator  wakes  are  observed  to  thicken  with  increasing  span  and 
there  is  also  evidence  of  weaker  endwall  comer  stall  in  the  casing- 
suction  surface  region  of  the  cnnulus. 

The  data  shown  in  Fig  1 1  shuv/  encouraging  qualitative 
agreement  between  each  of  the  probe  dau  sets  although  it  is 
evident  that  stem  pyramid  prohe  (B)  does  not  resolve  the  hub 
endwall  comer  separation  region  very  well.  In  order  to  quantify 
agreement  between  ‘Jie  different  probe  dau  Fig  12  shows  radial 
distributions  of  stagnation  and  static  pressure  ratio  as  well  as  yaw 
a.-id  pitch  angles.  These  data  have  been  determined  by 
numerically  averaging  the  data  shown  in  Fig  11  in  the 
circumferential  direction  over  one  sutor  pilch.  Stagnation  and 
suuc  pressure  daU  have  been  normali.-'ed  relative  to  fan  exit 
stagnation  pressure.  In  addition,  the  static  pressure  ratio  daU  have 
been  shifted  so  that  the  casing  endwall  static  pressure 
measurements,  taken  during  each  run,  are  superimposed. 

The  probe  sugnalion  pressure  measurements,  shown  in 
Fig  12a.  agree  to  within  ±0.5%  of  design  sugnation  pressure  rise 
at  r.id-span.  In  order  to  determine  to  what  extent  the  disagreement 
between  the  probe  pressure  measurements  is  due  to  probe 
geometry,  or  to  fan  performance  changes,  attention  is  drawn  to  Fig 
12b.  This  shows  the  mean  stagnation  pressure  ratio  measurements 
recorded  by  the  six  Pilot  rakes  downstream  of  the  sutor.  These 
dau  have  also  been  normalized  relative  to  the  fan  delivery 
sugnalion  pressure.  The  pressure  profiles  at  this  plane  differs  from 
those  recorded  li  the  traverse  probe  plane  due  to  mixing  of  the 
flow.  However,  the  degree  of  agreement  between  the  Pitot  rake 
measurements  gives  an  indication  of  the  fan  performance  related 
charges  in  the  measurements,  ax  the  configuration  of  the  rake 
measurements  remained  constant  throughout  the  test  scries.  The 
rake  dau  are  in  better  agreement  than  the  probe  measurements.  In 
genera],  they  agree  to  within  ±0.2%  of  design  pressure  ratio  at  mid 
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span  alinough  (ho  nicasurcmcnls  associated  with  the  sting  pyramid 
probe  and  4-holc  wedge  probe  traverses  agree  to  within  ±0.08%, 

The  static  pressure  ratio  measurements,  taker,  with  the 
traverse  probes,  arc  shown  in  Fig  12c.  These  agree  to  within 
±3.1%  of  dynamic  head  at  mid-span  {note  that  iie  range  of  the 
pressure  rauo  axis  in  the  static  pressure  plot  is  half  that  used  ii.  the 
stagnation  pressure  plot  ).  The  symbols  at  0%  and  100%  span 
indicate  the  endwall  static  pressures  measured  by  the  pressure 
tappings. 

It  is  evtdent  that  only  the  4-hole  wedge  probe  (A)  data 
are  in  good  agreement  with  the  endwall  measurements  at  both  hub 
and  casing.  The  sting  pyramid  probe  (C)  and  4-hole  wedge  probe 
(A)  data  agree  well  at  mid-spar,  although  the  sting  pyramid  probe 
indicates  higher  static  pressures  than  recorded  by  the  hub  endwall 
tappings.  Lower  static  pressures  than  measured  on  the  casing 
endval!  are  recorded  by  the  sting  pyramid  probe.  The  stem 
pyramid  probe  (B)  indicates  lower  than  expected  static  pressures 
over  much  of  the  span  and  behaves  erratically  toward  the  hub. 
where  3D  viscous  (lows  dominate.  The  dynamic  yawmeler  data 
agree  reasonably  well  with  the  hub  static  pressure  tapping 
measurements  but  are  significantly  higher  than  the  values  suggested 
from  the  casing  static  pressure  tappings.  Despite  the  qualitative 
variations  in  the  static  pressure  disfribuuon  measured  by  the 
different  probes,  the  quantitative  agreement  at  mid-span  is 
encouraging. 

The  yaw  angle  data,  in  Fig  12d.  reveal  that  the  sting 
pyramid  probe  (C)  and  4-hole  wedge  probe  (A)  agree  to  within 
±0.S*  over  much  of  the  span  and  agree  well  with  the  design  intent 
stator  exit  flow  angle  of  -2.1*  at  n.id-span.  The  dynamic  yawmeter 
data  are  m  good  qualitative  agreement  with  these  measurements. 
However,  they  are  shifted  by  +1*  from  the  consensus  achieved 
between  the  sting  pyramid  and  4-hole  wedge  measurements.  The 
stem  pyramid  measurements  show  an  even  larger  (+3*  to  ±4*) 
difference. 

In  the  case  of  the  dynamic  yawmeters.  the  sensing  heads 
consist  of  cartridges  that  can  be  removed  from  their  traverse  stems. 
Indeed,  the  cartridges  were  not  calibrated  with  theu  stems  attached 
in  the  Whittle  Laboratory  tunnel.  Hence  it  is  possible  that  a 
mechanical  alignment  error  mav  have  been  overlooked  when 
selling  up  the  probes  in  the  wind  tunnel,  or  or  subsequent  assembly 
of  the  carthoge  and  probe  stem.  Calibration  and  inspection  records 
have  yet  to  be  re-evaluated.  However,  future  analys--  of  other 
traverse  measurements  taken  elsewhere  on  the  fan  performance 
characteristic  will  confirm  whether  this  is  a  systematic  alignment 
error  or  noL  In  addition  the  effect  of  the  1%  mass  flow  change 
between  the  first  two  and  last  two  traverses  needs  to  be  evaluated. 
However,  it  is  not  thought  that  this  can  account  for  the 
discrepancies  observed  in  the  stem  pyramid  measurements. 

The  pitch  angle  measurements  taken  with  the  sting 
pyramid  probe  (C)  and  4-hole  wedge  probe  (A),  shown  in  Fig  12e, 
agree  to  within  lO.S*  over  much  of  the  span.  However,  marked 
disagreement  is  noted  in  the  hub  endwall  comer  stall  region.  The 
stem  pyramid  probe  dau  indicate  piuth  angles  2J-3*  higher  than 
the  other  probes. 

5  niSCU.SSION 

Clearly  the  stem  pyramid  probe  (B)  does  not  perform 
well  in  CI48.  This  is  thought  to  be  a  consequence  of  the  effective 
pitch  angle  incident  on  the  probe.  This  arises  from  the  stem 
downwash  (+15*).  the  geometry  of  the  annulus  f+U*  at  the  hub 
and  -2*  at  the  casing)  and  the  viscous  flowfield. 


The  sting  pyramid  protx-  was  expected  to  yield  the  most 
reliable  measurements  due  to  its  low  frontal  blockage  (  compared 
with  the  stem  probes  )  and  alignment  with  the  annuius  geometry  in 
the  lower  half  of  the  annulus.  In  general  the  probe  performed  well, 
although  the  associated  static  pressure  measurements  were  found  to 
exhibit  more  endwaiJ  proximiry  influence  than  expected.  Toward 
th*  asing,  the  probe  alignment  was  not  matched  to  the  casing 
annulus  wall  geometry  and  hence  may  account  for  the  recording  of 
lower  than  expected  static  pressures  in  this  region.  However  the 
reason  for  recording  higher  pressures  toward  the  hub,  than  unpiied 
from  the  hub  static  pressure  lappings,  needs  further  investigation. 
It  is  suggested  that,  as  the  axial  length  of  the  probe  is  greater  than 
the  stem  probes,  the  endwall  profile  is  effectively  modified  locally. 
Hence,  although  the  probe  has  a  lower  frontal  blockage,  when  it 
lays  near  the  endwall  the  interference  between  the  probe  and  the 
endwall  is  larger  than  that  experienced  with  the  stem  probes. 

Ihe  performance  of  the  4-hole  wedge  probe  was  belter 
than  exDccted,  given  the  probe's  more  complicated  aerodynamic 
characteristics.  Therefore,  although  the  close  agreement  between 
static  pressure  measurements  taken  with  this  probe  and  the  endwall 
static  pressure  tappings  appear  to  suggest  the  probe  performs  better 
than  the  sting  pyramid  probe,  acceptance  of  this  conclusion  is 
deferred  until  confirmation  through  analysing  traverses  taken  at 
other  fan  o[>erating  points. 

Agreement  between  the  dynamic  yawmeter  and  the 
consensus  achieved  between  the  sling  pyramid  and  4-hole  wedge 
probes  is  adequate,  given  the  more  complex  nature  of  the 
measurements,  and  that  the  probe  was  a  2D  sensor  used  in  a  highly 
3D  flowfield.  It  is  suspected,  although  yet  to  be  confirmed,  that 
the  discrepancy  between  the  yaw  angle  measurements  with  this  and 
the  aforementioned  pneumaiic  probes  is  caused  largely  by 
systematic  mechanical  alignment  errors.  If  this  proves  not  to  be 
the  case  the  result  is  more  disappointing.  However,  it  must  be 
remembered  that  the  dynamic  yawmeter  yields  information  on  the 
unsteady  fiowfield  (  which  has  not  been  presented  in  this  paper  ). 

6  CONCLUSIONS 

1)  Three  different  3D  pneumatic  probes  (  a  4-hole  wedge 
probe,  a  stem  pyramid  probe,  and  a  sting  pyramid  probe  )  have 
been  built  and  carefully  calibrated.  The  4-hole  wedge  probe 
displayed  the  most  complex  behaviour  of  its  calibration 
coeffidenls,  manifest  as  strong  dependency  on  both  yaw  and  pitch 
angle.  All  of  the  probes  displayed  negligible  Reynolds  number 
sensitivity  for  the  Reynolds  number  r..„ge  5.5x1  O’  to  35x10’. 

2)  Two  identical  dynamic  yawmeters,  and  a  geometrically 
identical  pneumatic  yawmeler,  have  been  built  and  calibrated  in 
dcuil.  The  probes  were  not  sensitive  to  Reynolds  number  variation 
in  the  range  36x10’  to  90x10’.  Pilch  angle  sensitivity  was  found 
to  be  small  in  the  range  0*  to  ±15*.  although  -5*  did  produce  more 
signirica.it  mfluencc  on  the  yawmeler  coefficients. 

3)  The  three  3D  pneumafic  probes  and  the  dynamic 
yawmeters  have  been  used  to  lake  detailed  flow  measurements  in 
a  single  stage  transonic  fan.  To  dale,  detailed  comparison  has  been 
carried  out  tetwren  measurements  taken  with  these  different 
probes  at  stator  exit,  while  the  fan  wax  operating  at  peak  efficiency 
at  design  speed.  The  sting  pyramid  probe  and  4-hole  wedge  probes 
agreed  with  each  other  most  closely.  The  dynamic  yawmeler 
measurements  showed  adequate  agreement  with  the  consensus 
achieved  by  the  sling  pyramid  and  4-hoIe  wedge  probes,  while  the 
Item  pyramid  performance  was  disappointing. 
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4j  Future  work  is  required  to  address  the  following 

i)  It  is  required  to  investigate  the  sting  pyramid  probe 
endwall  interference  characteristics,  particularly  with  regard  to  then 
influence  on  sutic  pressure  measurement. 

ii)  It  is  necessary  to  confirm  that  Lhe  4-hole  wedge  probe 
performs  as  well  during  traverses  carried  out  at  other  fan  operating 
points. 

IV)  It  is  necessary  to  confirm  whether  the  dynamic 
yawmeler  angle  measurement  unccruinty  has  arisen  from 
mechameti  alignment  errors  or  otherwise. 

5)  Corr.parison  of  the  different  probe  measurements 

underlines  the  need  to  understand  the  complex  uiteracuon  beiween 
probe  geometry,  turbomachine  geometry  and  the  flowf-eld  being 
measured.  Intaisive  measurements  in  high-speed  turbomachinery 
are  still  an  essential  tool  for  improved  design  and  computi>lional 
nuid  dynamics  code  validation.  However,  such  measurements  are 
often  carried  out  with  loo  little  understanding  of  the  above  issues 
Where  possible,  cross  referencing  with  non-irtrusive  measurements 
should  be  carried  dul 
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Fig  7:  The  dynamic  yawmcter  calibration  Fig  8;  The  effect  of  pitch  angle  on  the  yawincter 

coefficient  behaviour.  coefficients  at  Mach  0.9. 
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fb)  RAKE  BTAQNATION  PRESSURE  RATIO 


Pressure  Ratio 


I  —  Sting  Pyran^id  (C)  (112  hours) 
4-Hole  Wedge  (A)  (189  hours) 

-  -  Stem  Pyramid  (B)  (294  hours) 
Dynamic  Yawmeter  (249  hours) 
;  +  Measurement  @112  hours 

:  ^  Measurement  @  189  hours 

'  O  Measurement  ®  294  hours 
'  A  Measurement  ®  249  hours 
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Fig  12:  Comparison  of  the  stator  exit  ttowfield 

measurements  taken  with  the  different 
probes. 
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